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 15 
Abstract 16 
The strength development of standard and adiabatically cured concretes was 17 
determined. The concrete mixes were of 28-day cube strengths of 50 and 30 MPa and also 18 
had Portland cement (PC) replaced partially with fly ash (FA) and ground granulated blast-19 
furnace slag (GGBS) at 30% and 50%, respectively. The peak adiabatic temperature was 20 
effectively reduced with GGBS addition but was only reduced with FA addition for the lower 21 
w/b concrete. Considerable early age strength enhancements resulted from the adiabatic 22 
curing regime. The Nurse-Saul and Arrhenius based maturity functions were used to estimate 23 
the increases in early age adiabatic strength. The Nurse-Saul function underestimated the 24 
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effect of high early age curing temperature for all concretes but to a greater extent for those 25 
with GGBS and FA whilst the Arrhenius based, which allows for the consideration of an 26 
“apparent” activation energy, gave more accurate estimates. Strength estimates for 27 
adiabatically cured concretes and isothermally (50 °C) cured mortars were also compared 28 
indicating that the latter might have been affected by the detrimental effect of high curing 29 
temperatures starting from early age. 30 
 31 
Keywords 32 
“Apparent” activation energy, Maturity functions, Compressive strength development 33 
and estimates, Fly ash, Ground granulated blast-furnace slag.  34 
 35 
Introduction 36 
There is a need to understand and quantify the effects of temperature on the early age 37 
strength development of concrete mixtures. This need, which has been recognised for a long 38 
time from researchers and engineers, has been mainly associated with: a) determining the 39 
elevation of curing temperature necessary to achieve the required early age strength (Saul, 40 
1951) which will enable safe lifting of precast concrete structural elements as early as sixteen 41 
to eighteen hours after casting and, b) predicting the real-time strength on-site, particularly 42 
during cold weather concreting, to allow safe formwork striking and removal of props and 43 
ultimately, avoid collapses like the Willow Island one (1978) which resulted in 51 deaths 44 
(Lew et al. 1979; Feld and Carper, 1997). This can be accomplished with maturity functions 45 
which aim to account for the combined effect of temperature and time on the strength 46 
development of concrete (Barnett et al. 2007a; Brooks et al. 2007; Galobardes et al. 2015, 47 
Sofi et al. 2012, Yikici et al. 2015; Soutsos et al. 2016a).  48 
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Saul (Saul, 1951) proposed a single factor, i.e. “maturity”, to be indicative of the 49 
concrete strength irrespective of the combination of time and temperature that make up that 50 
maturity: 51 
 52 
  tTTM
t
 0     Equation 1 53 
 54 
where:  M  is the maturity (°Cꞏdays), 55 
T  is the average temperature (20 °C for standard curing) over the time 56 
interval t (°C), 57 
T0  is the datum temperature (°C), 58 
t  is the time interval (days). 59 
 60 
Equation 1, which is what has become known as the Nurse-Saul maturity function, 61 
assumes that the strength development rate varies linearly with curing temperature. It can be 62 
also be expressed in a form of an equivalent age, in which a given curing history (reckoned in 63 
temperature-time) corresponds to an equivalent age of curing at a reference temperature, as 64 
given by Equation 2. 65 
 66 
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0     Equation 2 67 
 68 
where:  te  is the equivalent age at the reference temperature (days), 69 
Tr  is the reference temperature (°C). 70 
 71 
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The concept of equivalent age, which was originally introduced by Rastrup (1954), 72 
has become particularly convenient when it comes to using other formulations besides 73 
Equation 1 to account for the combined effects of temperature and time on the strength 74 
development of concrete.  75 
The assumption that the strength development rate follows the Arrhenius principle 76 
leads to the maturity function shown in Equation 3, which is  referred to as Arrhenius 77 
function in this study (Freiesleben and Pedersen, 1977). 78 
 79 
tet sa TTR
Ea
e   


  11    Equation 3 80 
 81 
where:    te is the equivalent age (days), 82 
   Ta is the average temperature of concrete during time interval t (K), 83 
   Ts  is the specified reference temperature (K), 84 
    Ea is the “apparent” activation energy (J/mol), 85 
   R is the universal gas constant (J/K·mol). 86 
 87 
The determination of the “apparent” activation energies can be achieved using 88 
“equivalent” mortar samples, as recommended by ASTM Standard C1074-98 (ASTM, 2011) 89 
and the results can be, subsequently, applied to the concrete under investigation. This requires 90 
the determination of strength development under at least three curing temperatures. 91 
Regression analysis is needed in order to relate concrete strength to age or maturity 92 
index (Carino, 2004; Freiesleben and Pedersen, 1985; Carino and Tank, 1992).  The 93 
hyperbolic function proposed by Carino (Carino and Tank, 1992) (Equation 4) is the one 94 
suggested by ASTM C1074-11 (ASTM, 2011). 95 
 96 
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 98 
where:    S is the compressive strength at age t (MPa), 99 
   Su is the ultimate compressive strength at temperature T (MPa), 100 
   k is the rate constant (1/days), 101 
   t is the test age (days), 102 
   t0 is the age at which compressive strength development is assumed to begin 103 
(days). 104 
 105 
The rate constant, k, the ultimate strength, Su, and the age at which strength 106 
development begins, t0, of each mortar mixture is determined at all investigated curing 107 
temperatures through regression analysis.   108 
ASTM C1074-11 (ASTM, 2011) recommendation for the calculation of the 109 
“apparent” activation energy, Ea, is to plot ln(k) against 1/Tabs (given in 1/Kelvin), with Tabs 110 
being the absolute curing temperature.  The slope of the trend line, designated as-Q, is then 111 
obtained from regression analysis and the “apparent” activation energy (Ea) of the mix under 112 
investigation will be equal to Q·R, with R being the ideal gas constant equal to 8.31 J/K·mol. 113 
The concrete mixes investigated in the work described herein were those used for the 114 
Department of Trade and Industry (DTI) concrete core project (The Concrete Society, 2004). 115 
These were of 30 and 50 MPa 28-day compressive strength and included partial Portland 116 
cement (PC) replacement with ground granulated blast furnace slag (GGBS) and fly ash (FA) 117 
at 50 and 30% cement replacement levels, respectively. The mixes were replicated in the 118 
laboratory in order to compare the in-situ strength development, as determined from testing 119 
cores obtained from various structural elements, with that of laboratory cast cubes cured in a 120 
computer controlled matched curing tank which replicated the in-situ temperature history: 121 
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 Phase I investigated the effect of in-situ temperature on the early age strength 122 
development of concretes with GGBS and fly ash (Soutsos et al. 2016), and, 123 
 Phase II investigated the effect of isothermal curing temperature on the strength 124 
development of mortar mixes with GGBS and FA (Soutsos et al. 2017). 125 
Accurate strength estimates were obtained for in-situ temperatures around 20 °C 126 
(during summer and below this down to 10 °C during winter) and peak temperatures of 51 °C 127 
and 61 °C are only reached 33 to 60 hours after casting, e.g. in partially insulated large 128 
concrete blocks 1.5 x 1.5 x 1.5m cast during summer (Soutsos et al. 2016). The effect of high 129 
early curing temperatures of up to 50 °C immediately after casting and cured isothermally at 130 
such temperature until tested was investigated in Phase II (Soutsos et al. 2017). The Nurse-131 
Saul function was found to underestimate the early age strength development at higher 132 
temperatures whilst the Arrhenius function overestimated them (Soutsos et al. 2017). 133 
There is a need to determine the reasons why maturity functions become inaccurate 134 
when high early age curing temperatures are used. Such curing temperatures may nowadays 135 
be needed with the new types of cements (CEM II – PC with GGBS, FA, limestone or silica 136 
fume, CEM III – PC with GGBS, CEM IV – PC with medium-high volume of siliceous FA 137 
and CEM V – composite cement) that have gained popularity due to their lower than CEM I 138 
(neat PC) carbon footprint. CEM III/B which contains 66-80% GGBS is also required for 139 
exposure class XS1, XS, and XS3 (corrosion induced by chlorides from sea water) (BSI, 140 
2016) and if specified then it is expected to cause production issues for precast concrete 141 
factories. The required early age strength as per (BSI, 2014), e.g. 15 and 24 MPa for 142 
reinforced and prestressed concretes, respectively, at 16 to 18 hours after casting, may only 143 
be achieved with high early age curing temperatures as soon as concrete is cast and without 144 
the “delay period” before the “temperature rise period” as is normally recommended for 145 
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precasting works (Neville and Brooks, 2010). Thermal activation by use of heated mix water 146 
has also been suggested (Reddy and Soutsos, 2016). 147 
Earlier work (Soutsos et al. 2017) indicated that the Arrhenius function overestimates 148 
early age strength of concretes cured at elevated temperatures and that the reason for this is 149 
the detrimental effect on compressive strength. This was believed to be for later age 150 
compressive strengths but it now appears to start from a very early age. The early and later 151 
age detrimental effects, reported also elsewhere (Sajedi and Razak, 2011; Lothenback et al. 152 
2007; Brooks et al. 2007; Carino, 2004; Kim et al. 1998), need to be understood and 153 
incorporated into maturity functions to improve strength estimates at early ages. The aim of 154 
this investigation was therefore to quantify the detrimental effect of high early age curing 155 
temperatures on the compressive strength estimates at early ages, particularly those of the 156 
Arrhenius function. 157 
 158 
Materials and experimental procedures 159 
Materials 160 
The objective was to use cement additions, which are also known as cement 161 
replacement materials (CRMs), and aggregates that were as similar as possible to those 162 
originally used by DTI project. 163 
Portland cement with a compressive strength of 57 MPa at 28 days (tested according 164 
to BS EN 196-1-2005 (BSI, 2005)), was supplied in bags by British Lime Industries.  PC 165 
conformed to the requirements of BS EN 197-1:2011 (BSI, 2011). Two CRMs were used to 166 
partially replace PC, namely GGBS and FA.  GGBS, conforming to BS EN 15167-1:2006 167 
(BSI, 2006), was supplied in bags by the Appleby Group.  FA, conforming to BS EN 450-168 
1:2005 (BSI, 2012), was supplied in sealed plastic containers by a coal burning power station, 169 
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in Warrington, UK (Soutsos et al. 2016, 2017, 2018).  The chemical composition of PC, 170 
GGBS and FA are shown in Table 1. 171 
Uncrushed 5-20 mm round gravel, supplied by the Fagl Lane quarry (Wales, UK), 172 
was used as coarse aggregate in this study.  Its water absorption and specific gravity were 173 
1.7% and 2.64, respectively. The fine aggregate, also supplied by the Fagl Lan quarry, was 174 
well graded and had water absorption and specific gravity of 2.6% and water absorption of 175 
2.60, respectively. The aggregate grading curves and the overall grading limits from 176 
BS882:1992 (BSI, 1992) (now replaced by BS EN 12620:2002+A1:2008 (BSI, 2002a)), are 177 
shown in Fig. 1. 178 
 179 
Concrete mixes investigated 180 
The concrete mixtures investigated had target 28-day cube compressive strengths of 181 
30 and 50 MPa. The neat PC mixes were PC30 and PC50. Mixes with 30% of the total binder 182 
being FA were FA30 and FA50 whilst those with 50% GGBS were GGBS30 and GGBS50. 183 
The mixture proportions of the concrete investigated are shown in Table 2 as are the 184 
compressive strengths results for standard (20 °C) and adiabatic curing regimes.   185 
 186 
Mixing, casting, curing and testing procedures 187 
The concrete mixtures were prepared using horizontal pan mixer with a capacity of 188 
0.1 m3.  The cementitious materials and aggregate were firstly introduced to the mixing pan 189 
in order to be dry-mixed for approximately one minute. This was then succeeded by adding 190 
the water into the mixing pan and the mixing was, subsequently, continued for approximately 191 
five minutes.  The consistency was evaluated by implementing the slump test in accordance 192 
with BS EN 12350-2:2009 (BSI, 2009). Single- and three-gang steel moulds were used to 193 
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cast 100 mm and 150 mm size concrete cube specimens.  Casting was carried out in two 194 
layers with each layer compacted on a vibrating table.   195 
 196 
Two different curing methods were applied: 197 
 Standard curing – The 100 mm size concrete specimens cast inside single cube 198 
moulds were covered with wet hessian and a polythene sheet immediately after casting 199 
and left to cure at room temperature conditions (approximately 20 °C) (BSI, 2002b).  200 
After 24 hours they were demoulded and placed inside a water bath (20 °C). 201 
 Adiabatic curing – The adiabatic temperature rise caused by the cement hydration 202 
reaction will occur if heat exchange between fresh concrete and surrounding 203 
environment is restricted. To achieve such state, it is required to either provide heavy 204 
insulation around the concrete, which will inevitably result in a degree of heat loss, or 205 
alternatively, to ensure that the environment surrounding the concrete is at the same, 206 
or approximately the same, temperature as the concrete. The latter approach was 207 
adopted in this research. A 150 mm concrete cube was cast in a stainless steel box in 208 
which 20 mm thick expanded polystyrene was lined for thermal insulation and heavy-209 
duty polythene to prevent any moisture losses. The specimen was subsequently 210 
submerged into a programmable computer controlled curing water tank and two 211 
Type-T thermocouples were embedded in it through an opening in the top of the box. 212 
Two additional Type-T thermocouples were submerged in the water in the tank in 213 
order to continuously monitor its temperature. The thermocouples were all connected 214 
to a Pico TC08 data logger and a computer which was recording the temperatures and 215 
was also programmed to trigger the water heating system once the difference between 216 
the water and the concrete sample temperatures was exceeding 1 °C. It may be 217 
assumed, taking into consideration the fact that there has been no drop in temperature 218 
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once the peak had been reached, that there was only a very low amount of heat lost 219 
and thus no adjustment was denned necessary for the results. However, even small 220 
heat losses during hydration may have still affected the peak temperature. The 221 
programmable computer control curing tank used for adiabatic tests is shown in Fig. 2 222 
and a schematic diagram of the setup in Fig. 3. In addition, the three gang-moulds, 223 
containing 100 mm size concrete “companion” specimens, were wrapped after casting 224 
with cling film and tape and submerged in the programmable computer controlled 225 
curing tank.  This allowed for determination of the compressive strength for the 226 
adiabatic curing regime. 227 
  228 
The specimens cured under standard curing temperature were tested at 1, 2, 3, 5, 7, 229 
14, 28, 42, 84, 156 and 365 days whilst those cured under adiabatic conditions were tested at 230 
1, 2, 3, 5, 7, 14 and 28 days. For all curing temperatures and testing ages, three specimens 231 
were tested in order to derive an average compressive strength.  232 
 233 
Results and discussion 234 
The contribution of GGBS and FA to: (a) the strength development under standard 235 
(20 °C) curing, (b) the adiabatic temperature rise, and (c) the strength development under 236 
adiabatic curing is first examined. Subsequently, the applicability/accuracy of different 237 
maturity models for estimating the compressive strength development of concretes with 238 
CRMs under adiabatic conditions is investigated. 239 
 240 
Strength development at 20 °C 241 
The strength development curves for all the six replicated concrete mixes, i.e. PC30 242 
and PC50, GGBS30 and GGBS50, and FA30 and FA50, are shown in Fig. 4(a) whilst the 243 
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hyperbolic function suggested by Carino (Carino and Tank, 1992), see Equation 4, which is 244 
also the one recommended by ASTM Standard C1074-11 (ASTM, 2011), was used for the 245 
regression curves. The regression analysis constants Su, k and t0 obtained are shown in Table 246 
3.   It appears that FA30 and FA50 concretes had higher 28-day cube compressive strengths 247 
than those of the corresponding PC and GGBS mixtures.  The contribution of FA to the long-248 
term compressive strength development also becomes apparent in Fig. 4 whilst compressive 249 
strength of GGBS mixtures at early ages is again confirmed to be lower compared to the 250 
equivalent ones of PC and even FA mixes. Fig. 4(b) shows the compressive strength versus 251 
maturity index as calculated by Equation 1.  252 
 253 
Adiabatic temperature rise 254 
The adiabatic temperature rise of all the investigated concretes is depicted in Fig. 5(a). 255 
The neat PC concretes of 30 and 50 MPa strengths had a temperature rise of 32.5 °C and 48 256 
°C respectively from a placement temperature of nearly 20 °C. 50% GGBS replacement 257 
appears to be effective in reducing the adiabatic temperature rise to a considerable extent, i.e. 258 
down to 24 °C and 38 °C for grades 30 and 50 MPa, respectively. 30 % FA replacement 259 
reduced the temperature of the 50 MPa concrete down to 39 °C but there was no reduction for 260 
the 30 MPa concrete. This appears to be abnormal except that FA was not used to replace PC 261 
on a weight for weight basis. FA was 30% of the total binder but, because the concretes were 262 
designed to have equal 28-day strength, the FA concrete mixes had higher binder contents, 263 
see Table 2; 385 kg/m3 for FA50 compared to 330 kg/m3 for PC50 and 275 kg/m3 for FA30 264 
compared to 240 kg/m3 for PC30. Also, to achieve the target strength grades, the w/b ratios of 265 
FA concretes were lower than those of comparable PC mixes (Table 2). The total heat 266 
emitted per kilogram of binder in the concrete at any time during the adiabatic test can be 267 
calculated from the following expression (Ballim and Graham, 2005): 268 
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 269 
    Equation 5 270 
 271 
where:    qb is the heat output per kilogram of binder at time t (kJ/kg), 272 
   Cp is the specific heat capacity of concrete (J/kgꞏ°C), taken as 880 J/kgꞏ°C 273 
   Tt is the temperature of the concrete at time t (°C), 274 
   T0 is the temperature of the concrete at the beginning of the test (°C), 275 
   γc is the density of the concrete (kg/m3). 276 
   bc      is the binder content of the concrete (kg/m3) 277 
 278 
The binder heat output for PC50 and PC30 was 288 kJ/kg and 281 kJ/kg, for FA50 279 
and FA30 was 210 kJ/kg and 242 kJ/kg and for GGBS50 and GGBS30 was 239 kJ/kg and 280 
217 kJ/kg, respectively, see Fig. 5(b). Both FA and GGBS reduced the heat output (kJ) per 281 
kilogram of binder. However, in increasing the binder content to achieve similar 28-day 282 
strengths to PC, the FA30 had similar temperature rise to that of PC30. The higher strength 283 
mixtures as expected achieve higher temperatures, despite that the heat output per kilogram 284 
of binder is slightly reduced at the lower w/b ratios, particularly for the FA concretes. This 285 
has also been reported by others (Kanavaris, 2017; Turu’allo, 2013; Riding et al. 2012; 286 
Hatzitheodorou, 2007; Pane and Hansen, 2005; Zhang et al. 2002).  287 
 288 
Effect of adiabatic temperature rise on strength development 289 
The strength development of all concrete mixes cured under adiabatic conditions is 290 
shown in Fig. 6. All the concretes benefited from the adiabatic temperature rise and had much 291 
higher early age strengths than when cured at 20 °C. The most benefit for the GGBS concrete 292 
appears to be at 2 or even 3 days and this is confirmed by plotting the adiabatic (Sadiabatic) to 293 
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standard (S20 °C) curing relative strengths as shown in Fig. 7. This is because GGBS reduces 294 
not only the temperature rise but also the rate of temperature rise at early ages. The peak 295 
temperature of concretes with GGBS is reached after the first day and therefore a more 296 
marked improvement in strength is obtained at 2 and 3 days rather than one day.  297 
The improvements in the compressive strengths relative to each mixture’s standard 298 
28-day (20 °C) curing strength, i.e. (Sadiabatic/S28-day, 20 °C), see Fig. 8, show that the strengths of 299 
FA and GGBS mixes are still lower than the adiabatically cured PC concretes at early ages. 300 
This is despite that the strength improvement of FA and GGBS mixes is more significant than 301 
the corresponding PC mixes. Even the moderate improvement to PC strengths has maintained 302 
their strength above those with GGBS and FA at least for the first day if not for up to 3 days. 303 
The “cross-over” effect i.e. high curing temperature results in a greater strength than a low 304 
curing temperature at early ages, and conversely results in lower strength at later maturities 305 
(McIntosh, 1956), is less apparent for the adiabatically cured specimens than it was for 306 
isothermally cured specimens (Soutsos et al. 2017). The PC50 mix shows “cross-over” 307 
between three and five days whilst the PC30’s only occurs at 28-days. The “cross-over” for 308 
GGBS and FA mixes is not apparent within the first 28 days but it is likely that this will 309 
occur at later ages, see Fig. 6.  310 
The improvement of strength, in terms of the adiabatic strength (Sadiabatic) to the 311 
standard curing strength (S20 °C) for the FA mixes seems to be similar to that of PC concretes 312 
with 30 MPa strength and remarkably better for the 50 MPa, see Fig. 9. The latter seems to 313 
indicate that FA contributes significantly to the strength even at low water to binder ratios 314 
whilst at the same time reducing the temperature rise of the concretes. 315 
 316 
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Concrete strength estimates 317 
The only requirement of Nurse-Saul function in order to calculate the maturity index 318 
according to Equation 1 or the equivalent age according to Equation 2, is the temperature 319 
history of the concrete. Conversely, in addition to the temperature history, the Arrhenius 320 
function also required the “apparent” activation energies, Ea, of concretes under investigation. 321 
These were previously determined (Soutsos et al. 2017) according to ASTM C1074-11 322 
(ASTM, 2011) proceedure and they were 37.4, 22.5 and 52.8 kJ/mol for PC30, FA30 and 323 
GGBS30 and 29.7, 27.3 and 41.6 kJ/mol for PC50, FA50 and GGBS50 respectively.  These 324 
Ea values are in good agreement with those found in the literature (Soutsos et al. 2013; Poole 325 
et al. 2010; Barnet et al. 2007b; Poole et al. 2007; Barnett et al. 2006). Equation 3 was used to 326 
calculate the Arrhenius equivalent age te at time t. The specified reference temperature, Ts, 327 
used was 293 °K (20 °C). Ta (in °K) was the average concrete temperature during time 328 
interval Δt, i.e. the recorded adiabatic temperature histories. The calculated equivalent age, te, 329 
was then substituted for t in Equation 4 with regression constants Su, k  and t0, as previously 330 
determined for the strength results obtained for the concrete cured at the reference 331 
temperature (20 °C), see Table 2. 332 
The adiabatic temperature histories, Fig. 6, were converted, using the strength-time 333 
and Arrhenius equations, into estimated strength development curves and these are shown in 334 
Fig. 10 and Fig. 11. The Nurse-Saul function underestimated the strength development, 335 
especially at early ages, for all but 50 MPa strength concretes. This is in agreement with 336 
previous findings for isothermally cured “equivalent” mortars at 50 °C which are also shown 337 
on Fig. 12 and Fig. 13 for comparison (Soutsos et al. 2017). However, the overestimation of 338 
strength at later ages is delayed for adiabatic curing regime. The overestimation of strengths 339 
is due to the incapability of the Nurse-Saul function to account for the detrimental effect high 340 
temperatures at early ages have on later age strength (Soutsos et al. 2017). As mentioned 341 
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earlier, in the adiabatic curing regime, the temperature rise depends on the heat evolution 342 
from the cementitious binder. The temperature increase is delayed by several hours and 343 
notable rises only occur even more hours later as a result of the dormant period (Shi et al. 344 
2006).  As the hydration reaction is required to have evolved significantly prior to any high 345 
temperatures occurring, the detrimental effect on long-term strengths is considerably reduced. 346 
It is also for this reason that it is suggested that curing cycles, e.g. for precast concrete 347 
elements, should have a “delay period” before the “temperature rise period” (Neville and 348 
Brooks, 2011).    349 
The strength estimates from the Arrhenius function for the adiabatically cured 350 
concretes show a significant improvement to the estimates for the isothermally cured 351 
concretes (Soutsos et al. 2017), see Fig. 12 and Fig. 13. The improvement is with regards to 352 
the over-estimation of strengths, at even early ages, which was suspected to be due to the 353 
detrimental effect of high curing temperatures starting from early age for isothermally cured 354 
mortars (Soutsos et al. 2017). The only concrete that still showed detrimental effect from high 355 
early age curing temperature was PC50 which had a significant temperature rise of 37 °C 356 
within 12 hours after casting. The Arrhenius function overestimates the early age strengths 357 
for this concrete but to a lesser extent than it did for the 50 °C isothermally cured specimens.  358 
 359 
Conclusions 360 
The strength development of isothermally (20 °C) and adiabatically cured concretes 361 
was determined. It was found that: 362 
 GGBS was efficient in reducing considerably the adiabatic peak temperature rise. 363 
 FA was only efficient in reducing considerably the adiabatic peak temperature rise for 364 
the high, 50 MPa, compressive strength which had a lower water-binder ratio. 365 
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 Significant increases in early age strength resulted from the adiabatic curing regime 366 
despite that considerable temperature rises did not occur until after 12 hours and peak 367 
temperatures only after 24 hours.  368 
 The “delay period” before the “temperature rise period” of the adiabatic curing regime 369 
was sufficient to reduce or delay the “cross-over” effect to beyond 28-days for all mixes 370 
other than PC50. 371 
 372 
Maturity functions were used to estimate the strengths for the adiabatically cured 373 
concretes. It was found that: 374 
 The Nurse-Saul function underestimated the improvements in the early age strengths 375 
resulting from the higher “curing” temperatures of the adiabatic curing regime. It is 376 
believed that this occurred because it assumes that the concrete strength gain rate varies 377 
linearly with temperature and is the same for all binders. 378 
  The Arrhenius based function was found to be more accurate and this is because it 379 
allows for an exponential strength gain rate with temperature relationship. 380 
 The Arrhenius based function strength estimates were significantly better for the 381 
adiabatically cured concretes than for the 50 °C isothermally cured ones. The latter are 382 
believed to have been affected by the detrimental effect of high curing temperatures 383 
starting from early age. 384 
 385 
Ongoing work is aiming to determine modifications to the currently available 386 
maturity functions or develop improved ones for better estimates of both early age and long-387 
term strength development with and without cement replacement materials. 388 
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 399 
Notations 400 
The following symbols are used in this paper: 401 
Ea = “apparent” activation energy (J/mol); 402 
k = the rate constant (1/day); 403 
M = Nurse-Saul maturity (°Cꞏdays); 404 
R = universal gas constant (J/°K·mol); 405 
S = compressive strength (MPa); 406 
Su = ultimate compressive strength (MPa); 407 
T = average temperature (°K or °C); 408 
T0 = datum temperature (°C); 409 
Tr = specified reference temperature (°K or °C); 410 
t0 = age at which compressive strength development is assumed to begin (days); 411 
te = equivalent age (days); 412 
β = age conversion factor; 413 
t = time interval (days). 414 
 415 
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 572 
Tables 573 
Table 1. Chemical composition of PC, GGBS and FA 574 
Chemical composition (% by weight) 
Chemical constituent PC GGBS FA 
SiO2 20.11 35.35 48 
Al2O3 5.16 14 27 
Fe2O3 3.14 0.36 9 
CaO 65.49 41.41 3.3 
MgO 0.8 7.45 2 
SO3 3.22 0.1 0.6 
K2O 0.59 - 3.8 
Na2O 0.13 - 1.2 
CaCO3 4.47 - - 
Equiv. Alks Na2Oe 0.52 - - 
Free Lime 1.79 - - 
Chloride 71 ppm - - 
LOI 2.8 0.31 4.9 
575 
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 576 
Table 2. Mix proportions of concrete mixes investigated as well as their compressive strength 577 
for 20 °C and adiabatic curing regimes 578 
Material 
Mix ID 
PC30 GGBS30 FA30 PC50 GGBS50 FA50 
Cement [kg/m3] 240 115 193 345 165 270 
GGBS [kg/m3] - 115 - - 165 - 
FA [kg/m3] - - 82 - - 115 
Gravel [kg/m3] 1102 1187 1319 1205 1151 1250 
Sand [kg/m3] 799 721 560 615 683 533 
Free water 
[kg/m3] 158 150 144 160 165 135 
Total water 
[kg/m3] 198 190 181 197 203 171 
Free w/b 0.66 0.65 0.52 0.46 0.50 0.35 
Total w/b 0.83 0.82 0.66 0.57 0.61 0.44 
Slump [mm] 150 120 120 135 120 100 
Testing age [days] 
Compressive strength [MPa] (20 °C ǀ Adiabatic) 
20 °C Ad. 20 °C Ad. 20 °C Ad. 20 °C Ad. 20 °C Ad. 20 °C Ad. 
1 7 13 2 3 7 12 21 31 5 12 13 24 
2 13 22 4 9 13 20 30 35 10 28 22 38 
3 18 25 7 14 17 25 35 37 15 37 28 46 
5 20 26 10 21 21 32 41 39 21 43 34 53 
7 23 29 13 25 24 34 43 39 26 42 38 56 
14 28 29 19 29 28 39 47 41 34 45 43 56 
28 31 31 25 31 35 39 50 49 42 47 51 57 
42 32 - 28 - 37 - 53 - 43 - 58 - 
84 33 - 31 - 46 - 55 - 51 - 59 - 
156 33 - 34 - 47 - 59 - - - 66 - 
365 32 - 37 - 47 - 56 - - - 67 - 
579 
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 580 
Table 3. Regression parameters (obtained from Equation 4) for 20 °C strength development 581 
Mix ID PC30 GGBS30 FA30 PC50 GGBS50 FA50 
Su (MPa) 33.36 36.91 46.35 55.49 55.70 63.93 
k  (1/day) 0.37 0.08 0.15 0.56 0.11 0.22 
t0 (days) 2.45E-01 1.99E-01 7.50E-09 2.49E-09 1.30E-09 6.33E-09 
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Fig. 1. Sieve analysis of coarse and fine aggregate585 
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Fig. 2. The computer controlled temperature matched curing (TMC) tank for adiabatic tests588 
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Fig. 3. Schematic diagram of the computer controlled TMC tank setup for the adiabatic tests591 
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Fig. 4. Strength development regression analysis plots of laboratory replicated DTI concrete 594 
mixes (standard 20 °C curing)595 
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 597 
Fig. 5. a) Adiabatic temperature rise of investigated mixes and b) Total cumulative heat 598 
output of binder599 
   
33 
 
 600 
 601 
Fig. 6. Strength development of standard (20 °C) (S20 °C) and adiabatically (Sadiabatic) cured 602 
concretes603 
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Fig. 7. Relative strengths, i.e. (Sadiabatic/S20 °C)606 
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Fig. 8. Relative strengths, i.e. (S20 °C/S28-day, 20 °C) and (Sadiabatic/S28-day, 20 °C)609 
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Fig. 9. Relative strengths, i.e. (Sadiabatic/Sadiabatic, PC) and (S20 °C/S20 °C, PC)612 
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Fig. 10. Adiabatic strength estimates for 50 MPa strength concretes615 
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Fig. 11. Adiabatic strength estimates for 30 MPa strength concretes618 
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 620 
Fig. 12. Ratio of estimated/actual strength for 50 MPa strength adiabatically cured concretes 621 
and also for their 50 °C isothermally cured “equivalent” mortars622 
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 624 
Fig. 13. Ratio of estimated/actual strength for 30 MPa strength adiabatically cured concretes 625 
and also for their 50 °C isothermally cured “equivalent” mortars 626 
